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I. INTRODUCTION
N recent years, it has become more difficult to construct new generation facilities and transmission lines due to energy and environmental problems. Hence, it is required to enhance the power transfer capability of existing transmission lines instead of constructing new ones. On the other hand, FACTS devices have received more attention in transmission system operations as they can be utilized to alter power system parameters in order to control power flow. With FACTS technology, such as static var compensators (SVCs), static synchronous compensators (STATCOMs), static synchronous series compensators (SSSCs) and unified power flow controllers (UPFCs), etc., bus voltages, line impedances and phase angles in the power system can be flexibly and rapidly regulated. In addition, the FACTS devices have the capability of increasing transmission capabilities, decrease the generation cost and improve the security and stability of power system [1, 2] . During fault, the presence of compensating devices affects steady-state and transient components of current and voltage signals which create problems with relay functionality [3, 4] .
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Fault classification and section identification in a transmission line with FACTS devices is a very challenging task. Different attempts have been made for fault classification using wavelet transform, the Kalman filtering approach, neural network, fuzzy logic systems and support vector machines [3] [4] [5] [6] [7] [8] . All these attempts were trying to classify the fault and identify the faulted section in a transmission line compensated either by series capacitor protected by metal-oxide varistor (MOV) or compensated by thyristor-controlled series compensators (TCSCs) protected by MOV or compensated by both.
In this paper, we are interested in two of the most important FACTS devices; the SSSC and the UPFC. The SSSCs are FACTS devices for power transmission line series compensation. It is a power electronic-based voltage source converter (VSC) that generates a nearly sinusoidal three-phase voltage which is in quadrature with the line current. The SSSC converter block is connected in series with the transmission line by series coupling transformer. The SSSC can provide either capacitive or inductive series compensation independent of the line current [9] .
The UPFC, which has been recognized as one of the best featured FACTS devices, is capable of providing simultaneous active and reactive power flow control, as well as, voltage magnitude control. The UPFC is a combination of STATCOM and SSSC which are connected via a common DC link, to allow bidirectional flow of real power between series output terminals of SSSC and the shunt terminals of the STATCOM [2] .
For the purpose of fault identification and classification, the wavelet entropy theory is applied to produce a simple and accurate algorithm. Wavelet transform (WT) has good timefrequency localization ability so it particularly adapted to analyze the singular signals caused by fault. Wavelet transform provides theory basis for fault detection. The most effective method for fault detection is using a universal applicable quantity (UAQ) to describe the system and detect the fault. Shannon entropy is such a UAQ, and wavelet entropy (WE) is formed by combining WT and Shannon entropy together [10] .
In [13] a simple algorithm was introduced to detect and classify the faults in an uncompensated transmission line based on wavelet entropy calculations. In this paper, a test system is built using SIMULINK. The resulting data under different fault types and position with respect to the compensating device are analyzed using a modified WE algorithm based on that in [13] 
II. WAVELET TRANSFORM AND ENTROPY CALCULATIONS
Lots of fault information is included in the transient components. So it can be used to identify the fault or abnormity of equipments or power system. It can also be used to deal with the fault and analyze its reason. This way the reliability of the power system will be considerably improved.
Transient signals have some characteristics such as high frequency and instant break. Wavelet transform is capable of revealing aspects of data that other signal analysis techniques miss and it satisfies the analysis need of electric transient signals. Usually, wavelet transform of transient signal is expressed by multi-revolution decomposition fast algorithm which utilizes the orthogonal wavelet bases to decompose the signal to components under different scales. The approximations are the high-scale, low-frequency components of the signal produced by filtering the signal by a low-pass filter. The details are the low-scale, high-frequency components of the signal produced by filtering the signal by a high-pass filter. The band width of these two filters is equal. After each level of decomposition, the sampling frequency is reduced by half. Then recursively decompose the low-pass filter outputs (approximations) to produce the components of the next stage [11, 12] .
Given a discrete signal x(n), being fast transformed at instant k and scale j, it has a high-frequency component coefficient D j (k) and a low-frequency component coefficient A j (k). The frequency band of the information contained in signal components D j (k) and A j (k), obtained by reconstruction are as follows [14] .
where, f s is the sampling frequency. The original signal sequence x(n) can be represented by the sum of all components as follows [14] .
Various wavelet entropy measures were defined in [11] . In this paper, the nonnormalized Shannon entropy will be used. The definition of nonnormalized Shannon entropy is as follows [14] .
where E jk is the wavelet energy spectrum at scale j and instant k and it is defined as follows.
III. PROPOSED ALGORITHM FOR TRANSMISSION LINE FAULT DETECTION AND IDENTIFICATION
During fault, the amplitude and frequency of the test signal will change significantly as the system change from normal state to fault. The Shannon entropy will change accordingly. It becomes incapable of dealing with some abnormal signals while wavelet can. Wavelet combined entropy can make full use of localized feature at time-frequency domains. Wavelet analysis deals with unsteady signal while information entropy expresses information of the signal. That is why wavelet entropy can analyze fault signals more efficiently [10] [11] [12] .
The proposed algorithm detects if there is a fault or the compensated system is under normal conditions. It also determines the position of the fault if it is after or before the compensating device. In addition, the algorithm determines the type of fault if it is a single line to ground (SLG) fault, line to line (L-L) fault, double line to ground (DLG) fault or a three line to ground (3LG) fault. Finally, the algorithm selects the phases involved in the fault.
The transient signals of the three phase currents and voltages are produced using the simulation model built with the power block set of the SIMULINK. A discrete wavelet transformation is performed using two level symmetric wavelet for the three phase current signals (i a , i b and i c ) and the ground current i g , where
The entropy of each coefficient of the four currents is then calculated. The sum of absolute entropies of such coefficients for each current is then calculated (suma, sumb, sumc and sumg). The sums related to the three phase currents are then arranged to determine the maximum sum (max1) the minimum sum (min1) and the intermediate sum (max2).
The wavelet and entropy calculation are performed also for the three phase voltages in case the algorithm detected a single line to ground fault after the compensating device. The entropy sums of the three phase voltages are used to determine which phase is included in the fault.
The proposed algorithm is applied in three main steps. First, the fault is detected then its type and position with respect to the compensating device are determined. Finally, the phases included in the fault are identified. A detailed flow chart of the proposed algorithm is shown in Fig. 1 . IV. TEST SYSTEM Using the power system blockset (PSB) and the SIMULINK software, the test system is simulated. The test system is shown in Fig.2 and its data are listed in the APPENDIX. As mentioned before the test system was compensated by two different FACTS devices, SSSC and UPFC. In the following the simulation results of the system with the SSSC are given first then the results with the UPFC are given next. The simulation frequency was 10 kHz.
A. System Compensated with SSSC
For different fault types before and after the SSSC the sum of absolute entropies of the coefficients of each current is given in TABLE I.
It was noticed that in case of SLG fault after the SSSC the selection of the phase included in fault was not possible using sum of currents entropies. Therefore, the sum of entropies of the coefficients of each of the phase voltages were calculated and the phase with the minimum sum was considered as the faulted phase. The sum of entropies of the coefficients of the phase voltages in case of a SLG fault after SSSC are given in TABLE II. As a sample, the waveforms of the three phase currents in case of 3LG fault before the SSSC are shown in Fig.3 . The wavelet coefficients (approximate A2, level 1 detail D1 and level 2 detail D2) of phase A current are shown in Fig.4 . In the same way, the waveforms of the three phase currents in case of 3LG fault after the SSSC and the wavelet coefficients of phase A current are shown in Fig.5 and Fig.6 . 
B. System Compensated with UPFC
For different fault types before and after the UPFC the sum of absolute entropies of the coefficients of each current is given in TABLE III. In the same way, as in case of SSSC compensation, the phases included in a SLG fault after the UPFC were determined using the voltage entropies. The sum of entropies of the coefficients of each of the phase voltages were calculated and the phase with the minimum sum was considered as the faulted phase. The sum of entropies of the coefficients of the phase voltages in case of a SLG fault after UPFC are given in TABLE V. As a sample, the waveforms of the three phase currents in case of 3LG fault before the UPFC are shown in Fig.7 . The wavelet coefficients (approximate A2, level 1 detail D1 and level 2 detail D2) of phase A current are shown in Fig.8 . In the same way, the waveforms of the three phase currents in case of 3LG fault after the UPFC and the wavelet coefficients of phase A current are shown in Fig.9 and Fig.10 . 
